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The speed of accumulation of experimental data about normal as well as cancer cells has increased exponentially in the last several decades. Presently, our arsenal of knowledge is equipped with detailed information about cell proliferation, differentiation, and cell death induction pathways and the myriad of intricate interactions among them. Abnormalities in tumor suppressor genes and oncogenes have been correlated with disease states, and all of these tremendous advances have resulted in the heightened expectation that novel and better cancer therapies are clearly within reach. Yet, the most frequently applied treatment strategies continue to rely on "old school" therapies, combining surgery, chemotherapy, and/or radiotherapy. Chemotherapy and radiotherapy target proliferating cells, which include the rapidly dividing tumor cells but do not exclude normally proliferating cells of the skin and gastrointestinal tract. The generally low efficiency of cures for advanced cancers, the severe side effects of current therapy regimens, and the risk of posttherapeutic relapse have all contributed to the current and ongoing rush to find novel alternative therapeutic approaches (1).
New generation of anticancer drugs
Ideally, 21st century, clever, anticancer drugs are expected to target tumor cells specifically and spare damage to normal tissues. Thus, the search for tumor-specific markers or signatures has become the major focus of genomics, proteomics, and systems biology studies (2) . It has been easier to find the signatures of certain types of cancers; for example, the human ERBB2/ neu (HER2/neu) protein is overexpressed in 30% of breast cancer patients (3) and the identification of this marker has made possible the generation of a neutralizing HER2/neu monoclonal antibody (known as Herceptin or trastuzumab), currently used successfully in the clinic (4) . Trastuzumab is a breakthrough in the fight against cancer and provides the impetus for other researchers in their studies.
Another molecular signature, the overexpression of antiapoptotic BCL2 family members in human leukemias (5, 6) , melanoma (7) , and hepatocellular carcinoma (8) , was used to generate a distinct class of molecular drugs. In this case, the BH3 domain of proapoptotic BCL2 family members or synthetic drugs mimicking the BH3 domain were used to neutralize the apoptosis-blocking action of BCLXL, BCLW, and/or BCL2 (9, 10). The aim was to tip the balance of expression of antiapoptotic/proapoptotic BCL2 family members in order to induce cell death. The most successful BH3 mimetic in phase III trials is ABT-737, which is currently used to treat primary chronic lymphocytic leukemia (11, 12) .
The mechanism of action of the drugs discussed above is based on targeting singular protein products, and the success of these drugs is exceptional considering the many thousands of compounds that have been tested in clinical trials and have failed. Drug designers have now begun to focus on identifying drugs that target signaling pathways, rather than singular proteins. Yet, another aspect of pathway-oriented drug discovery concerns the compartmental distribution of the components of the pathway at hand. The targeting of nodal signaling proteins localized in specific subcellular organelles, without affecting the expression or activities of these proteins in other cellular compartments, opens a new window for designing more effective anticancer drugs.
HSP90 network activity in tumor cell mitochondria
In this issue of the JCI, Kang et al. provide evidence of the successful utilization of a quite recently identified tumor signature, the mitochondrial accumulation of HSP90-network proteins, for apoptosis induction (13) . Using Western blot analysis, mitochondrial HSP90 was previously found to be constitutively expressed at high levels in cervical carcinoma (HeLa), breast cancer (MCF-7), colon cancer (HCT-116), and B cell lymphoma (Raji) cell lines, suggesting that HSP90 may be critically important for tumor cell growth and/or survival (14) . The same group of investigators had already shown via immunohistochemistry that mitochondria of tumor cells, but not most normal tissue samples, contain HSP90 and its related molecule TNF receptor-associated protein 1 (TRAP-1) (14) . HSP90 and TRAP-1 were determined to interact with cyclophilin D (CYPD) and block its ability to cause mitochondrial outer membrane permeabilization, which is considered to be responsible for engaging the apoptotic cascade in numerous cell death pathways ( Figure 1 ) (14, 15) .
Normally, HSPs are upregulated upon establishment of stressful conditions, such as hyperthermia, oxidative damage, lack of nutrients, and others, and their main function is to serve as chaperones and catalyze the proper folding of certain client proteins (16) . HSPs have been shown to regulate apoptosis signaling pathways at several steps. For example, HSP70 binds to the apoptosome component APAF1 and negatively regulates the activation of caspase 9 (17) . On the other hand, HSP27 has been shown to interact with cytochrome c and prevent its binding to the apoptosome complex (16) . It is quite intriguing to note that chaperones, designed to help client proteins to acquire proper three-dimensional conformations in situations of distress, are also taking roles in the prevention of cell death. This is a very efficient strategy for cell survival, and it comes as no surprise that cancer cells have learned to take advantage of the HSPs.
The novel HSP90 blockers, geldanamycin mitochondrial matrix inhibitors
In their current study, Kang et al. (13) have developed a novel approach to cancer treatment, such that they have managed to "shock" the HSP90 network. This group had been working on HSP90-targeted drugs for the last several years, and their older generation HSP blockers include Sphepherdin and Antennapediageldanamycin (Antennapedia-GA). Shepherdin, described by Plescia et al. in 2005, is a HSP90 network-targeting drug, used to disrupt the interaction of Survivin and HSP90 in cancer cells (15) . On the other hand, the 17-(allylamino)-17-demethoxygeldanamycin (17-AAG) derivative, with Antennapedia peptide from Shepherdin attached, referred to as Antennapedia-GA, has been demonstrated to accumulate in mitochondria and induce mitochondrial cell death in a manner similar to Shepherdin (14) . This evidence clearly implies that HSP90 antagonists are able to specifically accumulate in tumor mitochondria and have the potential to be selective cancer agents with mild effects on normal tissues (14) . The older version of the GA derivative (17-AAG) has already been used in phase II clinical trials for metastatic melanoma (18) , but the results in patients were not impressive.
The new HSP90 inhibitors synthesized by Kang et al., namely the Gamitrinibs (GA mitochondrial matrix inhibitors), are small molecules designed to disrupt the HSP90 network compartmentalized in tumor mitochondria (13) . Gamitrinibs consist of 3 main parts, including a benzoquinone ansamycin backbone of 17-AAG, a linker region, and 1-4 tandem repeats of cyclic guanidinium (Gamitrinib-G1-G4) or triphenylphosphonium (Gamitrinib-TPP). Gamitrinibs are expected to interact with the HSP90 ATPase pocket via the 17-AAG component, whereas the guanidinium and triphenylphosphonium regions are responsible for mitochondrial penetration (13).
Kang et al. examined the effectiveness of Gamitrinibs as tumor cell killers compared with known HSP90 blockers GA
Figure 1
Gamitrinibs target mitochondrially localized HSP90 in tumor cells and cause apoptosis. In normal cells, mitochondrial outer membrane permeability is under the control of antiapoptotic (BCL2, BCLW, BCLXL) and proapoptotic (BAX/BAK) BCL2 family members and the permeability transition pore (PTP), which may include several components, such as the voltage-dependent anion channel, the adenine nucleotide translocator, and CYPD (13) . HSP90 specifically accumulates in tumor cell mitochondria and inhibits the opening of the permeability transition pore by binding to CYPD, thus blocking both cytochrome c release and apoptosis. In the study by Kang et al. in this issue of the JCI (13), the addition of the mitochondrially targeted HSP90 blockers, the Gamitrinibs, results in the opening of the permeability transition pore and cytochrome c release, leading to tumor cell death.
and 17-AAG (13) . Gamitrinibs were shown to successfully accumulate in mitochondria isolated from HeLa human cervical cancer cells, Raji-B lymphoblastoid cells, and WS-1 human epithelial fibroblasts. This accumulation caused a rapid loss of mitochondrial inner membrane potential and cytochrome c release from tumor cell mitochondria but not from normal cell mitochondria (13) . GA and 17-AAG were not effective at causing cytochrome c release. Consistent with previous findings establishing the antiapoptotic physical interaction of mitochondrial HSP90 and the membrane permeability pore component CYPD, these effects were reversed, partially via the use of the CYPD inhibitor cyclosporine A (CsA). On the other hand, preincubation of isolated mitochondria with CsA did not prevent or reduce mitochondrial Gamitrinib accumulation. Furthermore, siRNA-mediated silencing of CYPD in H460 cells reduced Gamitrinib-G4-induced cell death, confirming the requirement for CYPD in the mitochondriotoxic action of Gamitrinibs (13) .
Gamitrinibs, especially Gamitrinib-G3 and -G4, induced a considerable loss of cell viability in H460 human lung cancer cells, in which loss of membrane potential and activation of effector caspases could be observed (13) . All Gamitrinibs were shown to have cytotoxic effects, causing the death of nearly all cells after 24 hours of treatment. In addition, only a short, 4-hour exposure of H460 cells to Gamitrinib-G4 was sufficient to abolish their colony-formation ability in soft agar (13) . Gamitrinibs appear particularly promising, because they showed modest or no toxicity to the primary human cells that were tested, such as human foreskin fibroblasts or human umbilical vein endothelial cells, at the doses that easily killed tumor cell types. Gamitrinibs did accumulate in the mitochondria of normal cells but did not cause significant apoptosis (13) . In their in vivo studies, the Kang et al. checked the antitumoral activity of Gamitrinibs in SCID/beige mice carrying human leukemia, breast, and lung xenograft tumors. Systemic administration of Gamitrinib-G4 inhibited the growth of all these tumors significantly without causing weight loss. Histological studies on harvested tumor cells of Gamitrinib-treated animals revealed extensive apoptosis, whereas the organs were histologically normal, suggesting that Gamitrinibs have tumor cell-specific toxicological effects (13) .
More about Gamitrinibs
Clearly, the Gamitrinibs are much better blockers of the HSP90 network compared with 17-AAG (13), and these exciting results warrant the investigation of the following relevant issues. The release of cytochrome c from mitochondria is under the strict control of CYPD and both pro- and antiapoptotic BCL2 family members ( Figure 1 ). It would be interesting to study whether BAX/BAK oligomerization is affected by the activity of Gamitrinibs. In the present article, Kang and colleagues have used BAX -/-HCT116 human colon cancer cells and have shown that Gamitrinibs can efficiently kill these cells in the absence of the BAX protein, but this data is not enough to rule out any contribution of other BCL2 family members (13) . In addition, the killing potential of Gamitrinibs against BCL2-overexpressing cancer cells remains to be investigated. Another topic to consider is the possible interaction of Gamitrinibs with other HSP proteins and whether they contribute to the killing activity of the drugs in a secondary way. The use of HSP90-knockout or -knockdown cells would provide clear evidence of this effect. In conclusion, Gamitrinibs can be rightfully added to our list of promising new anticancer drugs.
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NOS is a key enzyme in the production of NO, a molecule that directly regulates vasorelaxation and blood supply. Diverse forms of muscle disease have been clinically associated with unusual fatigue after exercise. The localization of neuronal NOS (nNOS) at the plasma membrane of muscle has recently been shown to prevent muscle fatigue after exercise. In this issue of the JCI, Lai et al. show that dystrophin -the structural protein missing in individuals with Duchenne muscular dystrophy -anchors nNOS to the sarcolemma through a direct interaction with dystrophin spectrin-like repeats 16 and 17 (see the related article beginning on page 624). Furthermore, in another recently reported study of mouse models of muscular dystrophy, phosphodiesterase 5A inhibitors were used to treat the downstream ischemia that is associated with nNOS mislocalization. Collectively, these findings significantly advance our understanding of exercise-induced muscle fatigue and its role in muscle disease.
Dystrophin localizes neuronal NOS to the plasma membrane of muscle
The dystrophin-associated protein complex (Figure 1 ) is found at the plasma membrane of skeletal muscle, where it provides stability to the myofiber membrane during contraction (1). Genetic mutations that ablate dystrophin expression lead to Duchenne muscular dystrophy (DMD) in humans and muscular dystrophy in mdx mice. Dystrophin is a long cytoskeletal protein that contains an actin-binding site at its amino terminus, 23 spectrin-like repeats interrupted by four hinge points, and a carboxyl terminus that links dystrophin to dystroglycan and the other transmembrane and membrane-associated components of the larger protein complex. The syntrophins are cytosolic proteins. a-Syntrophin directly binds to neuronal NOS (nNOS or NOS1) by way of its PDZ (postsynaptic density 95, discs large, and zonula occludens-1) domains (2) . Syntrophins bind directly to dystrobrevins and dystrophin, and this interaction was thought to be sufficient to localize nNOS to the plasma membrane (3). In the absence of dystrophin, nNOS is lost from the plasma membrane (2) .
The functional significance of nNOS displacement from the sarcolemma of muscle was previously shown to be associated with muscle ischemia in both mdx mice and boys with DMD (4, 5) . However, mice engineered to lack nNOS itself lack the overt features of muscular dystrophy, such as muscle degeneration, reactive regeneration, and fibrofatty replacement of muscle (6, 7) . In earlier studies, the phenotype of mice lacking both nNOS and dystrophin was no different from that observed in the mdx model itself (6, 7) .
However, recent reevaluation of nNOSnull mice shows that male nNOS-null mice have smaller muscle mass and reduced force production compared with strainand sex-matched WT mice (8) . When normalized for the smaller muscle mass, force production in nNOS-null mice is normal. However, nNOS-null mice display a specific deficit in adapting to exercise and develop profound fatigue upon repeated muscle contraction. Thus, loss of nNOS or mislocalization of nNOS from its normal position at the plasma membrane causes fatigue with exercise. Interestingly, muscle expressing syntrophin that lacked an nNOS-binding site was also found to exhibit ischemia with exercise (9).
Minidystrophins only partially correct muscular dystrophy DMD develops when dystrophin is absent, and gene replacement strategies have been pursued through both viral delivery and transgenesis. Internal truncations of dystrophin that leave the amino and carboxyl termini intact occur naturally with the milder muscle disease Becker muscular dystrophy (BMD). BMD patients display less muscle degeneration than DMD patients but frequently note exercise-induced fatigue (10) . Gene replacement therapy for DMD is limited by vector capacity, as the dystrophin protein is large in size. Therefore, smaller dystrophins called mini- or microdystrophins have been engineered to mimic what is naturally found in BMD patients and have been extensively tested in the mdx mouse (11, 12) . Gene replacement studies have shown that dystrophin lacking the middle portion of the protein can correct underlying pathology as long as the actin-binding domain and carboxyterminal domains are intact (13) .
As now shown by Lai and colleagues in this issue of the JCI, this strategy, while successful at correcting histopathology, leaves the treated animals unable to exercise to the same extent as normal mice (14) . To explain the exercise deficit, they noted that nNOS was not normally positioned at the plasma membrane in mdx mice expressing minidystrophins. Specifically, the authors correlated the absence of dystrophin's spectrin-like repeats 16 and 17 with absent plasma membrane nNOS and an inability to undergo exercise conditioning. Moreover, these mice, referred to as DH2-R19 transgenic mdx mice, develop skeletal muscle ischemia with exercise. Ischemia and the absence of spectrin-like repeats 16 and 17 correlated with the inability to improve exercise capacity over time (summarized in Table 1 ). They concluded that association of nNOS with the dystrophin complex requires spectrin-like repeats 16 and 17 and is necessary to produce vasodilation and supply oxygen to exercising muscle. It was previously shown that the syntrophin PDZ domain was sufficient to anchor nNOS (15) . Together, these findings indicate that nNOS requires both dystrophin and syntrophin for full localization and function at the plasma membrane.
Muscle fatigue from nNOS mislocalization can be treated with phosphodiesterase 5A inhibitors Recently, Kobayashi et al. studied the mdx mouse as well as another model, the Sgca -/-mouse, which lacks a-sarcoglycan and serves as a model of limb-girdle muscu-
